semi-saturated bicyclic heterocycles can lead to better starting points for fragment-based drug discovery (FBDD) programs. We report the application of diverse chemistry to construct bicyclic systems from a common intermediate, where pyrazole, a privileged heteroaromatic able to bind effectively to biological targets, is fused to diverse saturated counterparts. The generated fragments can be further developed either after confirmation of their binding pose or early in the process, as their synthetic intermediates. Essential quality control (QC) for selection of small molecules to add to a fragment library is discussed.
Introduction
Over the past two decades, fragment-based drug discovery (FBDD) has played a major role in the drug discovery arena as either an alternative or complementary method to high-throughput screening (HTS). 1 Starting points in FBDD projects are ligand efficient small molecules, usually identified by biophysical techniques, and subsequently optimised to deliver leads and drug candidates by optimising potency and pharmacokinetic properties, while controlling molecular weight and physicochemical properties. 2 More than 30 drug candidates in clinical development and three registered drugs derived from FBDD prove the unequivocal success of the methodology. 3 Although, many commercially available fragments can identify optimal binders for many biological targets (e.g. kinases), 4 they cover limited biochemical space and are in the main sp 2 -rich leading to less than ideal developability properties. 5 Decreasing aromaticity and increasing the sp 3 content of compounds are established approaches within drug discovery programmes to enhance the clinical success of candidates. 6 However there is debate over the benefit of 3-dimentionality within fragments, due to increased complexity and reduced probability of binding. 7 We therefore decided to explore semi-saturated bicyclic heterocycles as a compromise, where an unsaturated heterocycle delivered the key binding to protein targets through H-bonding and a fused saturated ring delivered some shape to improve physicochemical properties and a range of optimisation vectors.
Semi-saturated bicyclic heterocycles are embedded in diverse drug candidates and approved drugs (Figure 1) , 8 supporting the notion of building sp 3 -rich and polar fragment libraries, containing compounds with good physicochemical properties. Further, these substructures are common amongst natural products (Figure 1 ), 9 which are biological validated ligands that target macromolecules and can deliver several advantages e.g. higher solubility, chemical diversity, polar-specific interactions.
Recently, a collection of partially saturated bicyclic heterocycles with enhanced sp 3 -content was described by Twigg et al. and, to the best of our knowledge, it remains one of the few published examples of how a fragment collection can be constructed from a purely synthetic chemistry standpoint. 10 Concurrently with the aforementioned work, we had commenced the design and synthesis of high quality, semisaturated bicyclic heterocycles as fragments. This type of compounds is neither extensively described in the literature nor readily provided by chemical suppliers. Thus, we sought to synthesise diverse compounds to explore this chemical space.
We commenced our study by selecting pyrazole as the unsaturated ring of our bicyclic systems, because of its ability to create a bifurcated, H-bond donor-acceptor network with multiple biological targets ( Figure 2) , with the H-bond donor proton able to be located on either nitrogens due to tautomerism. This 5membered azole ring is a rare chemical structure in natural products, probably because of the difficulty in making N-N bonds by living organisms. 9c However, it is one of the most common ring in approved drugs, covering a wide spectrum of biological activities (e.g. anti-fungal, anticancer, antiviral, neuroprotectants, antimicrobals). 11 Moreover, pyrazole appears in five drug candidates derived from a FBDD approach, emphasising its current importance in the FBDD field. 12 We then devised and developed a range of chemistry to create semi-saturated bicyclic 1H-pyrazoles. In these systems, pyrazole is fused to various heteroaliphatic rings, which can provide better developability parameters compared to carboaliphatic rings, as highlighted by Ritchie 
Results and Discussion
The compounds were designed using a set of criteria employed by the Drug Discovery Unit (DDU) to compile our fragment libraries, see Table 1 . The parameters conform to the rule of three conceived by Congreve, 13 but also include quality control parameters including solubility, stability, aggregation and purity standards required for compounds to be added to the DDU's fragment library. Synthesis of semi-saturated fused pyrazoles have been recently described, 10 albeit N1 was generally involved in the formation of the saturated portion, impeding possible and interesting key interactions with drug target proteins, as discussed above. This paper describes a complimentary approach to access fragments without substitution at N1 (Scheme 1).
3-Bromopyrazole (1), was selected as the starting material as it was cheap and commercially available in bulk (Scheme 2). Initially, we exploited the nucleophilicity of position 4 to insert a nitro or formyl group. 14 Typical electrophilic nitration conditions were applied on the unprotected pyrazole, followed by PMBprotection to yield separable regioisomers through column flash chromatography. High temperature and a long reaction time afforded an 80% yield of the more stable thermodynamic product 2. Conversely, protection of 1 was necessary before Vilsmeier-Haak formylation to afford 3. In this case, the protection step yielded a mixture (4:1) of inseparable regioisomers, which was used as such in the next step. Surprisingly, the Vilsmeier-Haak reaction gave a single regioisomer 3 after purification, due to the selective removal of the PMB from the minor regioisomer due to the acidic reaction conditions, resulting in the partial recovery of 1. The PMB protecting group was selected because of its stability towards a variety of reaction conditions, however its cleavage proved to be problematic for some fragments proving resistant to both reductive and oxidative methods. 15 However, in these cases anisole in TFA provided conditions suitable for delivery of the fragments described here. 16 The versatile intermediates 2 and 3 allowed a broad range of chemistry to be developed to provide diverse semi-saturated heterocycles.
Iron-mediated nitro reduction of 2 yielded 20, 17 which in turn was capped with methanesulfonyl chloride, acetyl chloride or Boc anhydride to afford respectively 21a-c (Scheme 3). Subsequent allylation gave three key intermediates (22a-c) for an intramolecular Heck-Mizoroki reaction. Pd(dppf)Cl2, Cs2CO3 in DMF were found to be the most effective reagents for such crosscoupling and microwave irradiation afforded the bicyclic systems (23a-c) in excellent yields. 18 Hydrogenation of the double bond of 23a-c was successfully performed in an H-cube Pro using 10% Pd/C CartCar, 19 followed by deprotection to afford 4a-c as racemic mixtures. A recent poll in the Practical fragments blog shows a clear preference for using racemates rather than pure enantiomers for fragment screening and this result is consistent with the DDU fragment library generation. 20 The most active enantiomer can be identified from a protein-ligand X-ray structure derived from the racemic mixture. 21 The Stille reaction between 2 and tributyl(vinyl)stannane to generate 24 was effectively catalysed by Pd/P(t-Bu)3 and CsF (Scheme 3). 22 Nitro-reduction, amine-capping and allylation gave access to 27a-c, presenting two olefin groups for further functionalization. Compounds 27a-c were reacted via intramolecular Ring Closing Metathesis (RCM) using second generation Grubbs' catalyst to provide the unsaturated rings of 28a-c, 23 which were subsequently hydrogenated in an H-cube Pro to yield 5a-c. A similar approach using ethenesulfonyl chloride gave the sultam 6, a system with proven biological activity. 24 To exploit the versatility of amino acids as building blocks to generate chiral heterocycles, we coupled 2 with alanine or 3aminobutanoic acid via a copper-catalysed Ullmann reaction in a DMF-water mixture (Scheme 4). 25 Excellent yields were obtained when 30 equivalents of water were used. The desired cyclic 6and 7-membered ring products 7a and 8 were afforded after treatment of 31 and 33 with iron and NH4Cl. However, compound 7a failed quality control (QC), due to oxidation to the cyclic imine. Conversely, the gem-dimethyl derivative 7b, upon successful synthesis, passed QC. The same reaction conditions failed to access analogous intermediates, after reacting 2 with lactic acid and 3hydroxybutanoic acid. To the best of our knowledge, only Xiao et al. 26 has reported a valid procedure for performing a Cu/Pdcatalysed cross-coupling between an aryl bromide/iodide and an alpha-hydroxy acid. However, these conditions were not effective in delivering the desired products. Thus, it was decided to reverse the chemistry by exploiting a hydroxyl group in position 3 of the pyrazole ring (35) . Replacement of the bromine of 2 with hydroxyl was achieved using Pd2(dba)3/tBuBrettPhos. 27 Alkylation of 35 with ethyl 2-chloropropanionate or an oxa-Michael addition to methyl but-2-ynoate afforded 36 and 38 respectively, the latter using DABCO as an organocatalyst. 28 Hydrogenation of the double bond of 38 and Bechamp conditions, as described above, were used to promote cyclisation of 37 and 38 to afford 9 and 10, respectively, after deprotection (Scheme 4).
An interesting synthesis of functionalized tetrahydroisoquinolines was reported by Jagdale et al., 29 where NaBH4 and catalytic amount of CoCl2 were able to reduce a nitro group, open a cyclic sulphite and carry out the subsequent reduction of an intermediate lactam after cyclisation. Inspired by this efficient chemistry, we tried a similar approach to synthesise 11 (Scheme 5). Initially, 2 was coupled with ethyl (E)-3-(4,4,5,5tetramethyl-1,3,2-dioxaborolan-2-yl)prop-2-enoate in a microwave-assisted Suzuki cross-coupling reaction. 18 Upjohn dihydroxylation catalysed by OsO4 generated 41, which was readily reacted with thionyl chloride to provide 42 as a diastereomeric mixture. The Jagdale conditions were then applied to 42 to afford the novel semi-saturated bicyclic 11.
In a parallel approach to using 2 as the common starting material, we used the formyl group of 3 to create related new pyrazole-containing bicyclic fragments. Six and seven-membered rings containing both oxygen and nitrogen were accessed by using analogous chemistry to that previously described (Scheme 6). Stille conditions gave the alkene intermediate 44 after treating 3 with tributyl(vinyl)stannane, which underwent reductive amination using allylamine to afford 45. Capping 45 with acetyl chloride, methanesulfonyl chloride and Boc-anhydride gave 46ac respectively as ideal substrates for Ru-catalysed cyclisation via RCM using the second generation Grubbs' catalyst, affording the cyclic olefins(47a-c), which were efficiently hydrogenated in an Hcube Pro to provide 13a-c.
Reductive amination of 3 and subsequent capping of the secondary amine (48) afforded the allyl-derivatives (49a-c). A microwave-assisted Heck-Mizaroki reaction using Pd(dppf)Cl2 was successfully employed on 49a-c to generate the chiral systems 12a-c, after reduction and following deprotection.
Reduction of the aldehyde moiety of 44 and 3 with NaBH4 gave primary alcohols 51 and 54, respectively. Compounds 51 and 54 were alkylated with allylbromide, using NaH as the base, to provide allyl-ethers (52 and 55), which were intramolecularly cyclised and then simultaneously reduced and deprotected to give tetrahydropyrane (14) and oxepane (15).
Although, the cyclisation of 49c and 55 gave a mixture of isomers, due to isomerisation (exo-endo migration), the last step was an olefin reduction, so this was not an issue. However, control of the chemistry could deliver useful intermediates for further functionalisation of the tetrahydropyridine and tetrahydropyrane ring of 12c and 14, respectively. 30 We then investigated generating lactone (16) and lactam (17) (Scheme 7). Despite their simple structure, these scaffolds, without any further functionality on the two rings, are not synthetically described and commercially limited. We started their synthesis by carbonylation of 3 in a Pd-catalysed fluorocarbonylation where N-formyl saccharin was employed as the CO surrogate. 31 Treatment of the acyl fluoride intermediate with water gave the desired carboxylic acid (57) in good yield.
Reduction of 57 gave the alcohol (58) and reductive amination gave the amine (60). Subsequent reaction of 58 and 60 with HATU and Hunig's base in DMF successfully promoted alcohol and amine acylation to provide lactone 16 and lactam 17 after deprotection.
Quenching the fluorocarbonylation of 3 with methanol afforded ester (62). The versatile β-nitroamine (64) was generated by aza-Henry addition of nitromethane to the N-tertbutanesulfinyl aldimine (63) catalysed by TBAF. 32 Next, nitro reduction under acidic conditions and subsequent basification of the reaction mixture led to the protected 6-membered lactam 65, which was deprotected to afford the novel fragment 18 (Scheme 7).
We next turned our attention to the synthesis of a pyrazole fused to a functionalised tetrahydropyrrole motif (Scheme 8). Initially, we tried diverse aza-Michael conditions on an acrylate derivative. 33 This unprecedented approach on a pyrazole was unsuccessful, possibly because of the limited electrophilicity of the electron rich carbon beta to the carbonyl. We attempted to circumvent this synthetic problem by an intramolecular Heck reaction or a radical cyclisation, 34, 35 however, both approaches failed to deliver the desired product after exploring a range of reaction conditions. We then re-examined the Michael addition approach using an activated alkyne to effect the intramolecular cyclisation. The key intermediate (68) could not be made by cross-coupling 3 with a propynoic ester under Sonogoshira conditions, 36 thus we opted for a four step route to give the desired propynolate intermediate (68) in 55% overall yield. The synthetic route was commenced by coupling 3 with trimethyl(2tributylstannylethynyl)silane, followed by simultaneous reductive amination with methylamine and alkyne deprotection, and protection of the resulting secondary amine gave 67. Then, the alkyne 67 was deprotonated with nBuLi in THF at -78°C and reacted with methyl chloroformate to provide 68. Treatment of 68
with HCl in dioxane and subsequent basification of the reaction mixture led to the cyclic adduct (69) by spontaneous intramolecular aza-Michael addition. Finally, reduction of the double bond provided the bicyclic system (19) after deprotection. Due to the low binding affinity of fragments to the majority of target proteins, high compound concentrations are required to detect fragment binding. Therefore, the synthesised fragments required rigorous QC before addition to the DDU's fragment library. Fragments must be soluble in a 2mM phosphate buffer solution, with purity greater than 95%, in order to avoid impurities that could lead to false-positives/negatives. 37 The latter could be generated even for pure compounds through self-aggregation, thus a WaterLOGSY experiment was crucial to assess whether a fragment tended to aggregate or not. 38 Finally, comparison of 1D NMR profiles acquired 48 hours apart were used to evaluate compound stability.
For a more extensive description of the DDU fragment library's QC process, see the publication by Ray et al. 39 All the fragments except 7a passed the QC and were added to the DDU fragment library, expanding the available chemical space. To provide a better understanding of the physicochemical properties of these fragments, calculated properties were plotted against those of the existing DDU fragments. (Figure 3 and 4) .
This approach can be efficiently used to deliver additional diverse compounds by elaborating the fragment templates described with novel vectors and/or elaborating substituents. Their functionalisation/ elaboration could be carried out either on the final fragments or their synthetic intermediates.
The use of diverse building blocks (e.g. amino acids), functionalisation of amines, nucleophilic addition to imines/ aldehydes, olefin derivatisation, exploitation of the position 5 of the pyrazole are only few examples. An illustration of this concept is depicted in Scheme 9.
Conclusions
In summary, we describe the synthesis of multiple semisaturated bicyclic fragments starting from a common starting material 3-bromopyrazole (1). Pyrazole was selected as the aromatic core of these fragments because its H-bond donoracceptor motif makes high efficiency interactions with a range of drug targets. Compound 1 was initially functionalised in position 4 to give the highly versatile intermediates 2 and 3, and then a variety of chemistry was applied to provide either novel fragments or fragments with limited commercial availability and lacking published synthetic route. These structures fit the DDU fragment library's criteria for optimal physicochemical properties, which conform to those commonly used and accepted as guidelines in the FBDD field, particularly high aqueous solubility, a very desirable characteristic in FBDD programs.
Fragments described in this paper are also characterised by suitable vectors and functionality for further elaboration/ optimisation. The conceived synthetic routes are flexible and allow the introduction of diverse chemical functionality at multiple steps. Moreover, this chemistry can be widely applied to a broad range of 5-and 6-membered aromatic heterocycles to construct further novel semi-saturated bicyclic systems. Synthesis of multiple polar semi-saturated bicyclic fragments starting from a common starting material for fragment libraries is reported. Pyrazole was selected as the aromatic core of these fragments because its H-bond donor-acceptor motif makes high efficiency interactions with a range of drug targets. These structures fit criteria for optimal physicochemical properties commonly used and accepted as guidelines in the FBDD field. Quality tested fragments can be further developed either after confirmation of their binding pose or early in the process, as their synthetic intermediates.
